ABSTRACT
INTRODUCTION
The size of SNP genotyping projects is rapidly expanding as more information is gathered to prove the utility of SNP markers in the association studies, the linkage studies and the mapping projects. Methods of reducing cost and increasing the genotyping throughput are required in order to take the * To whom correspondence should be addressed.
full advantage of SNP markers in the genome studies. One important strategy is to multiplex the genotyping reactions.
The multiplex SNP-IT reaction (Nikiforov et al., 1994 ) requires three oligonucleotide primers for each SNP marker and involves the following three steps: (1) multiplex PCR amplification of the sequence surrounding a SNP from the two chromosome copies, (2) multiplex single nucleotide cycling primer extension using the third tagged SNP-IT primer and fluorescent-labeled dideoxynucleoside triphosphates, (3) tag hybridization of SNP-IT primer to complementary tag oligonucleotide spotted on the solid surface ( Figure 1 ).
12-plex and 24-plex multiplex SNP-IT reactions have been successfully tested on GenomeLab SNPstream ® instrument from Beckman Coulter Inc . Statistical models for both reactions were derived from the training sets consisting of 30,948 and 30,576 markers genotyped respectively and described previously (Yuryev et al., 2002) . In brief, several dozens of primary scores that measure different properties and thermodynamic parameters of the three primers and the sequence surrounding a SNP are combined together by a logistic regression analysis to calculate the probability of failure/success of the SNP marker in the SNP-IT assay. In addition to scores measuring internal properties of the SNP marker, the statistical model for multiplex SNP-IT reaction includes "external" scores. These scores measure noise interference caused by other SNP markers due to DNA molecular interactions between different markers in the single multiplex reaction. Interestingly, we found that "external" scores contribute only about 15% to the calibration of the statistical model for the 12-plex reaction. This suggests that the molecular properties of the SNP marker are the most important factors influencing the outcome of the SNP-IT assay. These properties are the consequences of a DNA sequence surrounding the SNP Fig. 1 . The representation of the multiplex SNP-IT reaction used in the SNPstream UHT instrument from Orchid Biosciences. The picture shows the principals of the SNP allele detection using primer extension with fluorescent dideoxynucleoside triphosphates and solid surface oligonucleotide tag hybridization to separate signals from different SNPs after multiplexing. SNPs with the same allele variation are amplified in the multiplex PCR reaction. Two SNP alleles are detected by the multiplex two-color fluorescent primer extension. Every extension primer is synthesized to include oligonucleotide tag at the 5-end. The oligonucleotides complement to the tag sequences are arrayed in a well of the micro-titer plate. Each well in the plate is used to separate primers from one multiplex reaction. After the extension, the fluorescent primers are separated by the solid phase tag hybridization to measure genotype of individual SNPs. and therefore they cannot be avoided during primer design. In addition, markers causing high external noise are also likely to have bad internal properties. Nevertheless, the effects from molecular interference of the different SNP markers during multiplexing were significant enough to allow for optimization in order to improve the success rate of the multiplex genotyping.
This manuscript describes several algorithms, which use the predictions of the statistical model. The primer design algorithm selects the best possible primer set for SNP-IT genotyping reaction for a given SNP marker. We also suggest several marker-clustering algorithms for multiplex genotyping reaction and compare their performance.
SYSTEMS AND METHODS

Programming and computation
933 MGz computer, Pentium III, 392 Mb RAM PC (Professional M-933, Gateway) was used for all calculations and time measurements. Software was written using C programming language in Microsoft Visual Studio TM 6.0. Statistical Analysis System (SAS) software (SAS Institute 1989) was used for the data analysis and statistical modeling. Free energies for the DNA structures were calculated as described previously (SantaLucia, 1996; Yuryev et al., 2002) . The thorough description of statistical model construction and training sets are also described previously (Yuryev et al., 2002) .
Optimization techniques: data structures and software architecture
A standard set of default parameters for the primer design was set constant to accelerate the calculations (Table 1 ). This significantly reduced the number of possible primers considered by the algorithm and therefore reduced the calculation time.
The default values were chosen as for a standard PCR primer design ( Table 1 ). The defaults are stored in the parameter file and can be easily changed manually if necessary. The logistic regression weights for single-plex and multiplex statistical models are also stored in the separate files. All parameter files are read once in the beginning of the program and stored in memory in the data structures together with SNP sequence. SNP sequence can be masked to avoid the primer design in regions like dispersed repeats. The primers and the PCR product are represented as separate data structures also containing their characteristics necessary for the statistical scoring. The marker set for clustering is stored in memory as an array of marker structures. The cluster data structures contain pointers to individual markers data structures to save time and memory necessary for the clustering calculations.
Optimization techniques: pre-clustering and pre-sorting All markers in the single multiplex SNP-IT assay panel must have the same extension mix of two fluorescent-labeled terminating dideoxynucleosides. Therefore, we have introduced the pre-clustering of markers prior to actual marker clustering. At this pre-clustering step markers are combined into large groups according to a common extension mix. Every group is used individually as a marker pool for the clustering algorithm. The pre-clustering is fast and significantly reduces the size of the marker pools. This in turn reduces the number of possible marker combinations and hence reduces the computation time of the clustering. Pre-clustering also allowed us to reduce the memory requirements for the clustering. The program saves pre-clustered markers to a disk and re-reads only one pre-cluster for clustering minimizing the memory required at clustering step.
We found that if markers in a pre-cluster are sorted by the sum of their "internal" scores prior to clustering, it both accelerates clustering and improves the average marker success probability after clustering. This phenomenon is due to the similarity between the "internal" and "external" templatedependent noise scores. Markers with similar internal scores also form more homogeneous and therefore better multiplex clusters. In addition, the noisy marker should also cause noise to other markers in the cluster.
Optimization techniques: lazy evaluation
Lazy evaluation programming method (Wadler, 1996) was used to store in RAM the compatibility scores between SNP markers. Two square compatibility matrices store mispriming score of SNP-IT and PCR primers of i-marker along nontarget PCR product of j -marker. The third symmetrical matrix stores the free energy values of the most stable structures formed by SNP-IT primers of i-and j -markers. If a value for the compatibility score has been calculated once during the clustering, it is stored in the compatibility matrix and does not have to be calculated again. On the other hand, the marker pairs that have never been considered by the algorithm do not have to be calculated, thus avoiding unnecessary compatibility calculation for all possible marker pairs.
Scoring incomplete clusters
The number of SNPs in the genotyping experiment usually cannot be divided into an exact number of clusters. The remaining markers form an incomplete cluster, which cannot be scored precisely by the statistical model trained using only one cluster size. To overcome this shortcoming the specialized mechanism to score an incomplete cluster is introduced into the program. Randomly selected markers in the incomplete pool are duplicated until the cluster size reaches the multiplex fold. The markers then are scored as in the regular cluster. Due to the sorting of markers by the internal score prior to clustering the incomplete cluster contains the worst markers from the input pool.
ALGORITHMS
Primer design and marker clustering algorithms
The primer design algorithm generates all possible PCR primers and two possible extension primers and then scores all possible triplet combinations of these primers. For most SNPs the PCR primers can be found within 200 bases sequence from the SNP position. However, if the SNP is located in a repetitive element or in a gene-duplication region extensive masking is required to avoid non-specific amplification of homologous regions from a genome. Also some SNPs can be located in a highly GC-rich or GC-poor context, which does not allow finding the PCR primers satisfying standard PCR primer parameters. In such cases it is necessary to find PCR primers further away from the SNP site. It is accomplished by allowing algorithm to violate the default primer requirements on the maximum amplicon length of 200 bases. The violation occurs only if no PCR primers were found using the default primer parameters.
To accelerate primer design the algorithm first selects hundred best PCR products (amplicons). The best amplicons are chosen using the component scores from the statistical model that characterize an amplicon and PCR primers properties: (1) amplicon melting temperature; (2) number of ambiguous bases in amplicon; (3) number of repeats in amplicon; (4) %GC of PCR primers; (5) last 2 bases at the 3 -end of the PCR primer +1 amplicon base next to PCR primer annealing site; (6) last 3 bases at the 3 -end of the PCR primer +1 base next to PCR primer annealing site; (7) last 2 bases at the 3 -end of the PCR primer +2 amplicon bases next to PCR primer annealing site; (8) last 3 bases at the 3 -end of the PCR primer +2 amplicon bases next to PCR primer annealing site. The scores are described previously [ Table 1 in (Yuryev et al., 2002) ].
During the selection of the best PCR primers the program has to evaluate all possible combinations of PCR primers. Therefore this step has the most number of iterations and the calculation rate for each score is critical. To further accelerate the algorithm two amplicon scores: the template dependent noise (TDN) and the most stable amplicon structure around SNP site (Yuryev et al., 2002) are not calculated during selection of the PCR primers, because they require a long computation time.
We evaluated the effect of two acceleration techniques described above on the quality of primer design by allowing the algorithm to compare all possible primer sets using complete set of scores from the statistical model including TDN and SNP site structure scores. For 242 SNPs used in this experiment the average success probability of the best-found primer set was only 2% better compared with calculation using top 100 PCR products. However, it took about 16 h to calculate the best primer set for all 242 SNPs, which was unacceptably slow. The calculation time with consideration of only top 100 amplicons was 30 min for the single-plex model and 1 h for the 12-plex model. When we allowed the program to select only 50 best amplicons, the average predicted primer design success rate dropped by 5% compared with using the top 100 amplicons and by 7% compared with using all possible amplicons. The calculation time was reduced to 20 min for single-plex reaction and 40 min for multiplex reaction. We concluded that the selection of the top 100 amplicons was optimal for the algorithm performance. It dramatically decreases the primer design calculation time but does not greatly affect the primer design quality.
After finding the best 100 PCR products, the two possible extension primers are added to every PCR product and additional scores for 200 possible primer sets are calculated. All primary scores are combined using logistic regression coefficients to calculate the probability of success for every primer set. One marker with the best success probability is finally selected for the output. When marker clustering follows the primer design the partial combined score derived from the sum of "internal" marker scores is stored in memory in the best marker data structure to avoid its re-calculation during clustering.
Typically 
Clustering minimization function
Five external scores measuring combined interference from different DNA molecules in the multiplex cluster were chosen based on their statistical significance for success of SNP-IT reaction (Yuryev et al., 2002) . The external templatedependent noise measures the mis-priming of the extension (SNP-IT) primer along all possible PCR products within the multiplex cluster, excluding the target amplicon. The function calculating this score finds the most stable primer-amplicon structure that can be extended by the DNA polymerase with two labeled terminating nucleotides. The stability of the structure is estimated using the nearest neighbor free energy calculations (SantaLucia, 1996) .
The same function calculates the mis-priming of PCR primers along the non-target amplicons. The score reflects the potential to form hybrid DNA molecules during multiplex PCR reaction.
The final step of the multiplex SNP-IT assay is the hybridization of the tagged SNP-IT primers to complementary tag oligonucleotides spotted on a solid surface Figure (1) . This step separates different SNP markers from the pool of multiplexed molecules. The solid phase hybridization is performed at room temperature. Therefore the dimer formation between different SNP-IT extension primers can interfere with hybridization efficiency and specificity. The score calculating the sum of all possible dimers formed by a particular SNP-IT primer with all 'external' extension primers in the multiplex cluster shows a significant correlation with the failure rate of the SNP markers. Linear square and cube functions of this score were used to approximate its correlation curve. The dimer is defined as a stretch of uninterrupted matches between two DNA molecules in their alignment with each other.
The dispersion of the amplicon melting temperature and the dispersion of the amplicons' sequence complexity measure the heterogeneity in the sequence composition across different PCR products amplified in one multiplex cluster. If the amplicon sequence is very different from other amplicons in the cluster it may be disadvantageous for its amplification in a multiplex reaction (Yuryev et al., 2002) .
The combined score is calculated as a sum of all external scores multiplied by weights obtained from the logistic regression analysis. This combined score is used as the measure for the minimization by the clustering algorithm.
We have developed three methods for marker clustering described in Table 2 and Figure 2 . The algorithms have roots in the classical statistical clustering algorithms. All three methods were compared using a set of 645 markers clustered with the multiplex fold equal to 12. The calculation time and the efficiency to minimize the average failure rate were measured to determine the best clustering method. The results are shown Pair-wise clustering algorithm is reminiscent to classic hierarchical clustering algorithm. It starts with a pool of clusters obtained from the previous cycle or a set of markers at the initial step. At the initialization step all individual primer sets serve as a pool of clusters with size equal to 1. The cluster size is defined as the number of markers in the cluster. Next, the algorithm finds the most compatible cluster for every cluster in the pool. Both clusters are removed from the pool immediately after the best cluster pair is found. The cycle continues until all cluster pairs are found. Because every step depletes the cluster pool the clusters that are processed at the end of the cycle have fewer choices of pairs and thus, may have poorer probability of success. To compensate for this disadvantage the clusters obtained at the end of previous clustering cycle are considered first at the next clustering cycle. Random seed clustering is a modification of the pair-wise method. Number of possible clusters N is determined by dividing the total number of markers by the multiplex fold. At first, N clusters containing one randomly selected marker are generated. Selected markers are marked as 'used'. At every clustering cycle the marker most compatible with the markers in the cluster is found from the pool of 'unused' markers. When added to the cluster, the marker status is changed from 'unused' to 'used'. To compensate for the pool depletion at each step in the cycle, the next clustering cycle begins with the clusters, which have been considered last at the previous clustering cycle. The clustering is finished when the size of clusters reaches the multiplex fold. Random clustering algorithm is described in Figure 2 and in the main text.
645 SNP markers were pre-clustered into six groups based on their extension mix. The primer design for these markers took about 150 min. The pre-clusters had following sizes: 108, 168, 12, 12, 60, 204 markers. The markers in each group were sorted using combined "internal" score to improve clustering results. Without sorting the average marker predicted failure probability was 35.89%. The clustering was performed only for pre-clusters containing more than 12 markers, because the cluster size was 12.
in Table 2 . The random clustering algorithm was found to perform best and is detailed next and in Figure 2 .
Random clustering is reminiscent to classical nonhierarchical clustering algorithm. It begins with generating a pool of random clusters, containing multiplex fold of randomly selected markers. Each minimization step consists of randomly selecting two clusters from the pool and switching two randomly selected markers between clusters. The new failure probabilities are calculated for all markers in both clusters. If the marker swap leads to a decrease in the combined failure probability of the two clusters it is accepted and the next random swap is performed. If the swap leads to an increase of the failure probability it is rejected and markers are returned to the original clusters. During clustering the number of consecutive successful cluster swaps is monitored. If no minimization of the clustering function occurs during pre-defined number of consecutive cluster swaps the clustering is stopped. In essence, this approach finds the local minimum of the pre-defined 'depth' in the overall minimization rate to break the process earlier. The random clustering algorithm induces higher randomization of markers than other two methods. This can explain its superior performance.
The experimental success rate after marker clustering with the new random clustering algorithm was determined using 4 panels (48 markers) on the prototype of the SNPstream instrument from Beckman Coulter Inc. 96% of the markers were successfully genotyped compared with the average success rate of 75% without clustering by algorithm.
DISCUSSION
The average predicted success rate of markers for SNP genotyping designed by our primer design algorithm is about 75-80% for single-plex genotyping reaction and 93-96% for multi-plex reaction. The difference is due to the average success rate between the two methods. This is 15-25% improvement compared with the predicted success rate of previous version of primer design algorithm. The older version was based on Primer3 code (Rozen and Skaletsky, 2000) . The improvement is primarily due to the PCR primer selection based solely on the statistical scores. There are only two possible choices for the extension primer and its design optimization cannot contribute much to the improvement. In the old primer design engine the list of 10-20 possible PCR primer pairs was generated by Primer3 code and then was evaluated by the statistical model in combination with two possible extension primers to select the primer set with the best score. Because the Primer3 PCR primer selection is not based on the statistical model it cannot always select the best possible primers for SNP-IT reaction. The scores that affect most PCR primer selection: the 3 ends of PCR primers, template-dependent noise and amplicon structure around SNP site are not considered at all by Primer3 code.
The downside of the new algorithm is the calculation time. Its average primer design speed is four primer sets per minute. Thus, the design of 2.5 million primer sets for SNPs in dbSNP database at NCBI will take about 469 CPU days. Converting the algorithm to multithread process could significantly boost the performance. Currently, each primer set is designed sequentially one after another. The algorithm does not need this sequential processing at all. Providing the computer architecture has N processors, N primer sets can be designed simultaneously. In addition, clustering of every pre-cluster is independent from another pre-cluster. Thus, the primer set clustering for multiplex assay can be done in parallel as well.
All three clustering methods described by this paper provide approximate clustering optimization. Solution for clustering for multiplex PCR reaction is unlikely to have polynomial algorithm and is considered NP-complete (non-deterministic polynomial-time complete) (Nicodeme and Steyaert, 1997) . The time for clustering grows exponentially with the number of markers and therefore the absolute clustering minimum cannot be achieved for large number of markers in a reasonable computing time. To the best of our knowledge this work is the first to describe the application of the statistical modeling for primer design. Two models are used for single-plex and 12-plex SNP-IT reactions. Though we found that the model developed for single-plex SNP-IT reaction also showed the correlation with the failure/success rate of multi-plex reaction, the predictive power of the dedicated model was 16% higher (data not shown). There are many instruments in biotech industry that use oligonucleotide primers for PCR amplification, DNA hybridization, primer extension and other methods. The performance of these instruments should depend on primer properties, which in turn depend on materials, enzymes and buffers used in the instrument. These oligonucleotide properties affect both hybridization and enzymatic efficiency, which is ultimately manifested in the signal to noise ratio of an instrument. We propose to use the statistical modeling to "tune" the primer design specifically for a given application. We show that such dedicated primer design optimization can improve the method or instrument performance as much as 25%.
One application of our program is the selection of best SNPs for genotyping in gene mapping and haplotyping projects. We show that markers with poor internal score also behave poorly in the multiplex setting. It is probably an advantage to exclude SNPs with 'bad' sequence characteristics prior to primer synthesis and performing the PCR test.
Large chromosome regions or haplotypes investigated for linkage or association usually have the large amount of SNPs in excess of what might be necessary to achieve the marker density needed for a genotyping study. Our statistical prediction will enable efficient SNP selection for such studies, guaranteeing the overall success and reliability of the entire genotyping experiment. Genome-wide SNP scanning also can benefit from the model predictions by selecting only the best SNPs for genotyping.
Another possible application of our approach is determining the optimal multiplex fold for the genotyping reaction. GenomeLab SNPstream ® instrument from Beckman Coulter Inc has a fixed multiplex cluster size equal to 24. Therefore, we have not fully investigated this avenue. However, one can find the optimal multiplex fold by performing several clustering attempts while varying the cluster size parameter.
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